We experimentally investigate spin-orbit torque and spin pumping in Y 3 Fe 5 O 12 (YIG)/Pt bilayers with ultrathin insertion layers at the interface. An insertion layer of Cu suppresses both spin-orbit torque and spin pumping, whereas an insertion layer of Ni 80 Fe 20 (permalloy, Py) enhances them, in a quantitatively consistent manner with the reciprocity of the two spin transmission processes. However, we observe a large enhancement of Gilbert damping with the insertion of Py that cannot be accounted for solely by spin pumping, suggesting significant spin-memory loss due to the interfacial magnetic layer. Our findings indicate that the magnetization at the YIG-metal interface strongly influences the transmission and depolarization of pure spin current.
The transmission of pure spin current between a magnetic insulator and a normal metal is a crucial aspect of emerging insulator spintronic devices 1, 2 . Yttrium iron garnet (Y 3 Fe 5 O 12 , YIG) is an especially promising magnetic insulator because of its exceptionally low Gilbert damping that allows for efficient excitation of magnetization dynamics [3] [4] [5] . This magnetic damping can be modified by spin-orbit torque 6, 7 in thin-film YIG due to absorption of pure spin current [8] [9] [10] [11] [12] , which is generated from an electric current in the adjacent metal (e.g., Pt) through the spin-Hall effect 13 . In the reciprocal process of spin pumping 14, 15 , coherent magnetization dynamics in YIG injects a pure spin current into the metal layer, which can be detected through an enhancement in Gilbert damping [16] [17] [18] or a voltage peak due to the inverse spin-Hall effect [19] [20] [21] [22] [23] [24] [25] . The reciprocity of spin-orbit torque and spin pumping is theoretically well established 26 . However, while prior reports have shown that various modifications at the YIG-metal interface impact spin pumping (or, more generally, spin transmission from the YIG to metal layer) 17, 18, 21, 22, [27] [28] [29] , how spinorbit torque (i.e., spin transmission from the metal to the YIG layer) is affected by such interfacial modifications has yet to be reported.
In this Letter, we investigate spin-orbit torque and spin pumping in the same set of YIG/Pt samples -with and without an ultrathin interfacial insertion layer -by ferromagnetic resonance (FMR) in a microwave cavity. The two spin transmission processes are suppressed with a nonmagnetic Cu insertion layer and enhanced with a magnetic Ni 80 Fe 20 (permalloy, Py) insertion layer. We a) Electronic mail: semori@vt.edu also find evidence for substantial spin-memory loss 30 with the insertion of ultrathin Py. Our findings are consistent with the reciprocity of spin-orbit torque and spin pumping, while revealing that the magnetization at the YIGmetal interface has a significant impact on the transmission and scattering of spin current.
Epitaxial 20-nm thick YIG films were grown on Gd 3 Ga 5 O 12 (111) substrates by pulsed laser deposition as reported in Ref. 3 . The YIG films were transferred through ambient atmosphere to a separate deposition system for the growth of the metal overlayers. The YIG samples were sonicated in acetone and ethanol and, after introduction into the deposition chamber, maintained at 250
• C at 50 mTorr O 2 for 30 minutes to remove water and organics on the surface. The metal overlayers (either Pt(5 nm), Cu(0.5 nm)/Pt(5 nm), or Py(0.5 nm)/Pt(5 nm)) were deposited by dc magnetron sputtering at room temperature, base pressure of < ∼ 2 × 10 −7 Torr, and Ar sputtering pressure of 3 mTorr. While the RMS surface roughness of the epitaxial YIG films is only < ∼ 0.15 nm (consistent with Ref.
3), the nominally 0.5-nm thick Cu and Py "dusting" layers may not be continuous. Each YIG/X/Pt sample (with X = none, Cu, or Py) was patterned into a 100-µm wide, 1.5-mm long strip by photolithography and ion milling. The strip was contacted by Cr/Au pads on either end by photolithography, sputter deposition, and liftoff. This sub-mm wide strip geometry 31 allows for the use of a cavity electron paramagnetic resonance spectrometer to measure both spin-orbit torque and spin pumping.
We first demonstrate the transmission of spin current from the metal layer to the YIG layer through the measurement of the damping-like 32 spin-orbit torque. We used a method similar to Refs. 6, 31 where the change in damping is monitored as a function of dc bias current, I dc . FMR spectra were measured in a rectangular TE 102 microwave cavity with a nominal excitation power of 10 mW and several values of I dc in the metallic layer as illustrated in Fig. 1(a) . Each spectrum was fit with the derivative of the sum of symmetric and antisymmetric Lorentzians (e.g., Fig. 1(b) ) to extract the half-width-athalf-maximum linewidth, W .
Figure 1(c) shows the variation of W with I dc under opposite transverse external magnetic fields, H. The data contain components that are odd and even with respect to I dc , which are due to the spin-orbit torque and Joule heating, respectively 6, 31 . The symmetry of the spin-Hall spin-orbit torque also gives rise to a component of W versus I dc that is odd with respect to H (Refs. 6-8, 31), extracted through ∆W odd (I dc ) = {W (I dc , +|H|)− W (I dc , −|H|)}/2. We can then obtain the linear change in the effective Gilbert damping parameter due to the dc spin-orbit torque, ∆α eff = |γ|∆W odd /(2πf ), where |γ|/(2π) = 28 GHz/T and f = 9.55 GHz.
From the linear slope of ∆α eff over the dc current density J dc = I dc /(wt Pt ) ( Fig. 1(d) -(f)), with w = 100 µm and t Pt = 5 nm 33 , the effective spin-Hall angle, θ eff , can be quantified from
where M s = 130 kA/m is the saturation magnetization, M eff = 190 kA/m is the effective magnetization including the out-of-plane uniaxial anistropy field 3 , and t YIG = 20 nm is the thickness of the YIG layer. By fitting the data in Fig. 1(d) with Eq. 1, we arrive at θ eff = 0.76 ± 0.05% for YIG/Pt.
We note that θ eff is the product of the intrinsic spinHall angle of Pt, θ Pt , and the interfacial spin current transmissivity, T . Assuming that t Pt is sufficiently larger than the spin diffusion length, λ Pt , the expression for θ eff is [34] [35] [36] 
where G eff ↑↓ is the effective spin-mixing conductance (which includes the spin backflow factor) and ρ Pt ≈ 4.0×10 −7 Ω m is the measured resistivity of the Pt layer. With λ Pt ρ Pt ≈ (0.6−0.8)×10
−15 Ωm 2 (Refs. 30, 37, 38), we estimate λ Pt to be ≈1.5-2 nm.
According to Eq. 2, the small θ eff in our YIG/Pt can be attributed to a reduced T (i.e., G eff ↑↓ ) at the YIG-Pt interface, which may be due to a residual carbon agglomeration on the YIG surface 39 that was not removed by our cleaning protocol. In particular, by taking θ Pt ≈ 15−30% reported from prior spin-orbit torque studies [34] [35] [36] , we obtain for our YIG/Pt bilayer T ≈ 0.03 − 0.05, or G eff ↑↓ ≈ (2 − 5) × 10
13 Ω −1 m −2 , which is an order of magnitude lower than the typical values reported for ferromagneticmetal/normal-metal heterostructures 15, [34] [35] [36] , although it is comparable to prior reports on YIG/Pt 16, 20 . For YIG/Cu/Pt (Fig. 1(e) ), we do not detect a spinorbit torque within our experimental resolution, i.e., θ eff = 0.01 ± 0.10%. Evidently, the Cu dusting layer at the YIG-Pt interface suppresses the transmission of spin current. By contrast, the Py dusting layer enhances spin transmission from Pt to YIG by ≈40%, with θ eff = 1.08 ± 0.06% derived from the data in Fig. 1(f) . The spin-orbit torque experiment thus suggests that the nonmagnetic and magnetic insertion layers have opposite effects on spin current transmissivity (Eq. 2). In addition to spin-orbit torque, we show that the modification of the YIG-Pt interface equally impacts the reciprocal process of spin pumping. The same sub-mm wide YIG/X/Pt strips are measured in the setup identical to the spin-orbit torque experiment, except that the dc wire leads were connected to a nanovoltmeter, instead of a dc current source. As illustrated in Fig. 2(a) , FMR in the YIG layer pumps a spin current into the Pt layer, in which the inverse spin-Hall effect converts the spin current to a charge current that is detected through a voltage peak, V ISH , coinciding with FMR. Figure 2 In the limit of t Pt sufficiently larger than λ Pt , the relationship between the peak magnitude of V ISH and θ eff is given by
where L = 1500 µm is the length of the sample, P = 1.26 is the precession ellipticity factor, and Θ is the precession cone angle. It should be noted that these three YIG/X/Pt samples undergo precession at different cone angles, given by Θ = µ 0 h rf /W (Refs. 19, 41), since their linewidths W are different. Due to the lack of direct calibration for the microwave field amplitude h rf in our setup, the absolute magnitudes of θ eff cannot be determined accurately from the spin pumping experiment (Eq. 3) 42 . Nevertheless, we can compare the relative magnitudes of θ eff among the three samples. Specifically, we scale V ISH by W 2 (∝Θ −2 ), as shown on the right vertical axis of Fig. 2(b)-(d) , to quantify the efficiency of spin-current transmission from YIG to Pt. Comparing Fig. 2(c) with Fig. 2(b) , the Cu dusting layer reduces the spin transmission efficiency (∝V ISH W 2 ) by an order of magnitude. By contrast, comparing Fig. 2(d) with Fig. 2(b) , the Py dusting layer enhnaces the transmission efficiency by ≈40%. This suppression (enhancement) of spin transmission with the Cu (Py) insertion layer in the spin pumping experiment quantitatively agrees with the spin-orbit torque experiment, as summarized in Table I . These results thus corroborate the reciprocity of the two spincurrent transmission processes between YIG and Pt.
We have revealed that the ultrathin dusting layer of nonmagnetic Cu at the YIG-Pt interface suppresses spin transmission, whereas the ferromagnetic Py dusting layer enhances it. Our experimental results are qualitatively consistent with the first-principles calculations by Jia et al. 43 , which report that the spin-mixing conductance at the YIG-metal interface depends on the interfacial magnetic moment density. With the ultrathin insertion layer of Cu (Py) decreasing (increasing) the interfacial magnetization, G eff ↑↓ and hence θ eff decrease (increase) as described by Eq. 2. Moreover, the enhancement of spin transmission between YIG and Pt with an ultrathin ferromagnetic insertion layer, quantitatively similar to our results, has been observed in a spin-Seebeck effect experiment by Kikuchi et al. 29 . We further note that although bulk Pt is paramagnetic, it is close to fulfilling the Stoner criterion such that the direct interface of YIG/Pt may accommodate a higher interfacial magnetic moment density 44, 45 than YIG/Cu/Pt. The large reduction of spin-orbit torque and spin pumping with the ultrathin Cu insertion layer may seem unexpected, considering that this insertion layer is much thinner than the typical spin diffusion length of Cu (λ Cu > 100 nm) 46 . Indeed, prior spin pumping experiments report only a modest decrease (by ∼10%) in spincurrent transmission between YIG and Pt when the Cu spacer thickness is ≈1 nm 18, 22 . However, spin pumping 22 and spin-Hall magnetoresistance 47 studies have shown that spin transmission decreases by an order-ofmagnitude with the insertion of a Cu spacer layer, even when its thickness (e.g., ≈5 nm) is much smaller than λ Cu . Other studies also indicate large spin-memory loss at the Cu-Pt interface 48, 49 , although we do not observe a significant increase in spin dissipation (Gilbert damping) in YIG/Cu/Pt compared to uncapped YIG, as shown below. While further studies are required to understand the roles of the Cu spacer layer, one possibility is that spin transmission is highly sensitive to the nature of the YIGmetal interface, such as the morphology of the ultrathin Cu layer and the presence of carbon agglomeration 39 . To gain complementary insight into interfacial spincurrent transmission, we have examined the enhancement of Gilbert damping in YIG/X/Pt strips compared to uncapped YIG films. Fig. 3 summarizes the frequency dependence of W , acquired with a broadband FMR setup, from which the Gilbert damping parameter, α, is quantified. The averaged Gilbert damping parameter for three uncapped YIG films is α = (4.4 ± 0.6) × 10 −4 , which is within the range reported by our earlier work 3 . We observe an increase in α for each YIG/X/Pt compared to uncapped YIG. Assuming that the damping increase is exclusively due to spin pumping, the spin-mixing conductance is given by 14, 15 ,
where ∆α (summarized in Table I) for YIG/Cu/Pt, which again corroborates the one-orderof-magnitude reduction in spin transmission with the ultrathin Cu insertion layer. Therefore, our experimental results of spin-orbit torque (Fig. 1) , electrically detected spin pumping (Fig. 2) , and Gilbert damping enhancement (Fig. 3) are consistent with each other for YIG/Pt and YIG/Cu/Pt. The Gilbert damping enhancement, ∆α for YIG/Py/Pt is ≈4 times greater than that for YIG/Pt. This observation is at odds with our findings from the spin-orbit torque and spin pumping experiments, which show that G eff ↑↓ (i.e., ∆α according to Eq. 4) should be only a factor of ≈1.4 greater for YIG/Py/Pt compared to YIG/Pt. We thus estimate that only ≈30% of the total ∆α is due to spin pumping in YIG/Py/Pt, such that the adjusted value of G eff ↑↓ is ≈5×10
13 Ω −1 m −2 . The remaining ≈70% of ∆α is likely due to spin-memory loss, i.e., spin depolarization by the ultrathin Py layer that increases the Gilbert damping but does not contribute to spin-current transmission from YIG to Pt. This large spin-memory loss in YIG/Py/Pt is comparable to reports on ferromagnetic-metal/Pt heterostructures 30, 49, 50 . In summary, we have measured the transmission of spin current between YIG and Pt thin films, separated by an interfacial dusting layer of nonmagnetic Cu or magnetic Py, through FMR-based spin-orbit torque and spin pumping experiments. Spin transmission decreases by an order of magnitude when ultrathin Cu is inserted at the YIG-Pt interface and increases by ≈40 % with the insertion of ultrathin Py. The quantitatively consistent results from the spin-orbit torque and spin pumping experiments confirm the reciprocity of these two processes. However, with the Py insertion layer, the Gilbert damping param- eter is much larger than expected from spin pumping, suggesting substantial spin-memory loss in YIG/Py/Pt. Our findings shed light on the roles of interfacial magnetization in the transmission and depolarization of spin current between a magnetic insulator and a normal metal.
